The dynamics of proteins in solution is a complex and hierarchical process, affected by the aqueous environment as well as temperature. We present a comprehensive study on nanosecond time and nanometer length scales below, at, and above the denaturation temperature T d . Our experimental data evidence dynamical processes in protein solutions on three distinct time scales. We suggest a consistent physical picture of hierarchical protein dynamics: (i) self-diffusion of the entire protein molecule is confirmed to agree with colloid theory for all temperatures where the protein is in its native conformational state.
Introduction
Proteins are an essential part of the molecular basis of life. Their function relies on a combination of structure and dynamics. [1] [2] [3] Therefore, a quantitative characterization of protein dynamics in their aqueous physiological environment on different length and time scales is an essential aspect for the understanding of the function of living systems. Most proteins possess a well-defined native globular structure, based on cooperative folding of the protein chain driven by an interplay of different intramolecular interactions of amino acid residues. [4] [5] [6] [7] Importantly, protein conformations display several structural features in a hierarchical order: starting from the sequence of amino acids-the primary structure-the protein chain builds structural elements such as a-helices, b-sheets or random coils-the secondary structure. These structural elements assemble into protein domains-the tertiary structure-that finally can arrange into multi-subunit proteins-the quaternary structure. As a consequence of the variety of typical time and length scales in such complex macromolecules, the dynamics of proteins is characterized by an extensive hierarchical nature.
Upon increasing the temperature, thermal denaturation of the protein occurs. In this process, a partial unfolding of the native protein structure is followed by a reorganization to a different globular structure or a random-coil-state sometimes leading to aggregation and gelation. [4] [5] [6] [8] [9] [10] [11] Regarding a single protein molecule, unfolding is related to protein malfunction, 12 and a better understanding of the driving factors has important implications from a biomedical perspective. In protein solutions, denaturation represents a pathway how microscopic structural changes can alter macroscopic properties. In this context, gelation and formation of aggregates is of general importance for soft condensed matter, nanotechnology, and food research.
The first step of denaturation, the unfolding, is related to the general question of protein folding and misfolding and is not understood in detail, although reasonable predictions for small proteins exist and general features such as dominant contributions to folding and influences from the environment have been identified. 7, 12 In this context, the funnel picture of protein folding has gained significant importance in the past years and creates a need for dynamic measurements on the molten globule state. 13, 14 Mechanistically, Zimm and Bragg developed a theory for the first microscopic step of unfolding based on the helix-to-coil transition of a polypeptide chain as a result of which at low temperatures the polymer chain is dominated by helices, at high temperatures by random coils, with a rather narrow transition region where mixtures of these conformations may be found. 4 While the Zimm-Bragg model takes only the secondary structure into account, real proteins possess a well-defined tertiary structure. Starting from a protein model with a dense core without contact to solvent and a hydrated outer shell, Finkelstein and Shakhnovich developed a theory of denaturation of single protein molecules and derived a first-order phase transition between the folded and a slightly expanded form. 15, 16 While this initial step of denaturation is independent of solvent, the further unfolding is dominated by the hydration-mediated interaction with the penetrating solvent, 7 giving rise to a phase diagram for a single protein in dependence on solvent quality and temperature. 15 Leaving the level of individual molecules, denaturation is represented by processes of aggregation and cross-linking, i.e. clustering and gelation, which, depending on the protein, can be rationalized either along the arguments of vulcanization of polymers [17] [18] [19] or with colloidal gels with non-specific intermolecular attractive forces. 20 A higher absolute concentration of the proteins has on the one hand a stabilizing effect on the protein thermal stability, 21 on the other hand promotes the formation of intermolecular b-structures at lower temperatures. 22 Numerous studies have focused on different aspects of the process of thermal denaturation by means of a variety of techniques. 19, 20, [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] In the following, we focus on the effect of thermal denaturation on the internal dynamics of globular proteins.
Quasi-elastic neutron scattering (QENS) has been proven to be a well-suited tool to investigate the dynamics of proteins in aqueous solution on pico-to nanosecond time scales. [43] [44] [45] [46] [47] Several elastic and quasi-elastic neutron scattering studies have compared the internal dynamics of proteins in native, molten (i.e. an intermediate equilibrium state between native and fully denatured), or denatured conformation, mostly in the picosecond time scale and mainly reflecting side-chain reorientations but in general not taking into account the global motion in solution. 19, 38, [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] As a general outcome, the conformationdependent dynamics is characterized by the increase of the number of mobile H-atoms on picosecond time scales and a decrease of the confinement of restricted motions in non-native structures. Importantly, upon unfolding, internal protein fluctuations exhibit increased dynamical heterogeneities. 53, 57 In this context, Gibrat et al. suggested that the dynamics of atoms within the protein is more influenced by the distance to the backbone than by solvent exposure. 57 Importantly, thermal denaturation can lead to several steps of dynamical changes. Two characteristic temperatures for the denaturation of hydrated lysozyme were determined from the protein internal dynamics: above T b = 325 K the mobility of side chains starts to increase, while T d = 346 K defines the limit for irreversible denaturation. 41 Murayama and Tomida 32 have shown that bovine serum albumin (BSA) in D 2 O at protein concentration c p = 20 mg ml À1 undergoes two conformational transitions at T = 330 K and around T d = 348 K. The latter corresponds to the melting of a-helices and the formation of intermolecular b-sheets. Above T d , the fraction of random coils, turns and connecting loops becomes at least as significant as that of a-helices and b-sheets. 32 This finding, together with the fact that backbone fluctuations are much smaller in a-helices and b-sheets, compared to the greater amplitudes in connecting loops and unstructured termini, 53 is consistent with the experimental observation that the average internal mean-square displacement of 500 mg ml À1 BSA in D 2 O increases faster for T \ 343 K. 19 Reconsidering the hierarchical structure of proteins, a similar hierarchy in dynamics is expected, however, only partly suggested by the aforementioned studies on the average internal dynamics of entire proteins or labeled protein domains. In this article, we present a comprehensive study outlining the hierarchical protein dynamics before and after thermal denaturation. Using a highquality data set recorded on the backscattering spectrometer BASIS 61 (SNS, ORNL), we access the dynamics of BSA at nanosecond time and nanometer length scales in a temperature range between 280 and 370 K. We propose and justify a model reflecting the complex dynamics of the proteins. In terms of this model, we obtain three self-diffusion coefficients which we attribute to three hierarchical levels of the dynamics of proteins: (i) entire-protein translation and rotation, (ii) backbone fluctuations and (iii) side-chain motion. Consistently, the elastic incoherent structure factor (EISF) can be fitted by an extension of the model in ref. 47 accounting for the restricted dynamics of both side-chains and backbone. The analysis of the EISF, although more sensitive to the background treatment and to the fraction of coherent scattering, confirms an increase of mobile atoms and indicates a weaker restriction of the backbone with increasing temperature, while that of the side-chains is constant within the error. Both our new model and its physical interpretation may not be complete or unique, but we find that previous models of protein diffusive dynamics are not consistent with our observations at high temperatures.
In the following, subsequent to the Experimental section, we present our results as well as a new analytical framework. This framework provides a quantitative access to the internal motions of proteins during the changeover from freely diffusing molecules in solution at low temperatures to protein molecules incorporated in a gel at high temperatures. Following the Results section, we discuss our observations in terms of the aforementioned hierarchical levels and in the context of the reported previous findings. In the Conclusions section, we draw a comprehensive picture of the nanosecond self-dynamics observed on molecular length scales.
Experimental section
Bovine serum albumin (BSA) was obtained from Sigma-Aldrich (product code A3059) as a lyophilized powder (99% purity) and used without further purification. The proteins were dissolved in water (D 2 O) and filled in double-walled cylindrical aluminum sample holders (outer diameter 22 mm, gap 0.25 mm) for the neutron scattering experiments. The cylinders where sealed against vacuum and inserted into a cryostat on the neutron spectrometer for temperature control.
The neutron data were recorded on the backscattering spectrometer BASIS 61 (SNS, ORNL). Neutrons were analyzed using Si(111) single crystals, thus setting the analyzed energy to 2.08 meV. The integration time for each neutron spectrum amounted to approximately 4 hours per temperature. We have carried out the data reduction using the Mantid software provided by the SNS and subsequently analyzed the data using MATLAB, as reported in detail in ref. 62 .
Using neutron spectroscopy, we measure the scattering function S(q,o) at scattering vectors q which are coupled to reciprocal intermolecular distances and at energy transfers o which can be resolved, at BASIS, down to B3.5 meV FWHM. We have determined the spectrometer resolution function R by recording the scattering signal from a vanadium standard and modeled it by a sum of 4 Gaussians. We have subsequently implemented the convolution of R with the fit functions in MATLAB analytically by building Voigt functions. 62 3 Results and discussion 3.1 Model-free observations Fig. 1 depicts the evolution of the measured scattering function S(q,o) in dependence of temperature. In general, two temperature regimes can be observed directly from visual inspection. Below T d E 345 K, the overall broadening of the spectra increases with rising temperature, indicating increasingly faster dynamics. Around T d , the spectral width decreases sharply. Finally, for T 4 T d , the spectral width appears to remain constant or increase slightly with increasing temperature. The elastic scattering intensity (o = 0) decreases with rising T for T o T d and increases again for T 4 T d , consistent with earlier observations focusing on the elastic signal only. 19 These model-free observations are consistent with the intuitive picture of denaturing. Before denaturing, the proteins diffuse freely in solution and global and internal dynamics become faster due to elevated temperatures. Upon denaturation, in particular the global dynamics irreversibly arrests due to unfolding and cross-linking between proteins, and the remaining dynamics again increases with rising temperature. This physical picture will be discussed further in the following subsections based on model fits that provide a consistent description of the observed dynamics.
Analysis via the conventional two-Lorentzian model below the denaturation temperature
The short-time self-diffusion of proteins in concentrated solutions and its dependence on crowding has been investigated earlier at temperatures well below denaturation. 46, 63 Advances in the performance of neutron backscattering spectrometers have made it possible only very recently to address both the global protein self-diffusion and its internal dynamics from solution samples, and to systematically investigate the effect of crowding on these two types of dynamics. 47 In that temperature range, the quasi-elastic scattering function has been shown to be well modeled by
where R denotes the instrumental resolution function, modeled by a combination of Gaussian functions, b(q) is a scalar, and A 0 (q) represents the elastic incoherent structure factor (EISF). The two Lorentzians L g (o) and L g+G (o) account for two processes occurring at distinct time scales, where the faster process, responsible for a broadening of the elastic line of width G, is convoluted to the slower process with line broadening g. Finally, the fixed term b D 2 O L g D 2 O models the solvent contribution. This fixed term is determined using time-of-flight spectroscopy data on pure D 2 O for the linewidth g
We have carried out the full analysis both with and without the assumption of an H/D-exchange of the labile H-atoms on the proteins with the solvent water. We estimate the magnitude of this exchange based on the number 776 of labile H-atoms 64 per BSA molecule obtained from the protein data base (PDB) file. 65 Taking into account the molar fraction of BSA in water and the scattering lengths of H and D, respectively, we obtain an increase of the amplitude of the solvent water signal compared to the assumption of an absent H/D-exchange by a factor of 1.08, 1.16, and 1.38, respectively, for the protein concentrations of 100, 200, and 500 mg ml À1 , respectively (resulting in 1, 2, and 5% H/D exchange in the solvent). Due to a remaining uncertainty in the exact number of exchangeable atoms, we display the figures without assuming the H/D-exchange in the article and the corresponding figures assuming the estimated exchange in the ESI. † The increase of the solvent scattering signal due to the H/D-exchange does not change the overall trend of the fit results, and we will report the essential fit results both with and without assumption of the exchange. In principle, the H/D-exchange does not only affect the solvent scattering amplitude, but also its dynamics. However, since the H/D-exchange amounts to only approximately 5% of the total number of hydrogens in the water for the case of the highest protein concentration, we assume that the effect of the modified solvent dynamics is small. The short-time dynamics of D 2 O is essentially unaffected by the formation of a gel, 66 therefore the treatment of its contribution is valid both in the solution and in the gel states of our samples. Having carefully handled the contribution of D 2 O, we estimate that the incoherent fraction of the total scattering intensity is B88%, i.e. that of a dry protein powder, the coherent intensity varying only slightly in q. 67 In the following, we will thus carry out the analysis neglecting the coherent contribution, being aware that this might introduce a small systematic error, in particular in the EISF. An example spectrum (symbols) fitted with eqn (1) (solid line superimposed on the data) is shown in Fig. 2(a) . The two Lorentzians L g and L G are depicted by the blue and the green dashed lines respectively, and b D 2 O L g D 2 O is represented by the magenta dotted line. In the physical picture established earlier, 47 L g is associated with the global protein motions, and L G is attributed to the internal molecular diffusive motions of the proteins. We find that the fitted g are consistent with a Fickian process for the global self-diffusion, i.e. g = dq 2 with the apparent diffusion coefficient d (cf. Fig. 2(b) ). Here, d is denoted 'apparent', because it contains contributions from both rotational and translational diffusion. The internal dynamics associated with the width G can be described by jump-diffusion for T o 340 K, i.e. G = Dq 2 /(1 + tDq 2 ) with a diffusion coefficient D and residence time t. 68 
Analysis via a model of switching diffusive states at elevated temperatures
At higher temperatures, the fit results for G are no longer consistent with a jump-diffusion process such as that by Singwi and Sjölander 68 or that by Hall and Ross: 69 a marked nonmonotonicity of the q-dependent G resulting for a single process (see the ESI †) cannot be interpreted in physical terms in a straightforward way. By contrast, a multi-state process would be consistent with such observation. Therefore, in order to extend the model given by eqn (1), we substitute L G (o) with the scattering function for a particle switching between two diffusive processes having rates G 1 = D 1 q 2 and G 2 = D 2 q 2 and residence times t 1 and t 2 , respectively. D 1 and D 2 are thus the self-diffusion coefficients of the two states. Essentially, such a picture differs from that leading to the Singwi-Sjölander jump-diffusion model in that the (overdamped) particle vibration is substituted by a second diffusive state, and both diffusive states have a finite residence time. We have tested several other models as well, but these led to inconsistent results, as discussed in the ESI. † The scattering function for the two-state model reads: 70
Thus, the overall scattering function in this picture is:
Given the large number of free parameters, we set a priori G 1,2 = D 1,2 q 2 and g = dq 2 , where d represents the apparent selfdiffusion coefficient of the entire protein. We are thus assuming (1)) containing two Lorentzians accounting for the dynamics of the protein molecules (blue and green dashed lines) and a fixed contribution accounting for D 2 O (magenta dotted line), convoluted with the resolution function. (b) Linewidth g of the Lorentzian accounting for the translational and rotational diffusion of the entire protein as a function of q 2 for c p = 500 mg ml À1 at T = 280, 290 and 310 K (red circles, green triangles and blue squares, respectively). The lines are the fits following the Fickian law g = dq 2 . (c) Translational self-diffusion coefficients d t as a function of temperature for c p = 150 mg ml À1 (red pointing-up triangles), 200 mg ml À1 (green triangles), and 500 mg ml À1 (blue diamonds). The solid lines are the respective theoretical self-diffusion coefficients and the dotted lines indicate the confidence interval defined by a relative error of 5% on the ratio between hydrodynamic radius R H and effective radius R. that, at the short time and length scales accessible by the instrument, the dynamics of the entire protein corresponds to simple self-diffusion even at higher temperatures, having reliably confirmed this for physiological T. 46, 47 We can then fit the model to the spectra in the entire q-range simultaneously with d, D 1 , D 2 , t 1 and t 2 as global parameters, while A 0 (q) and b(q) are allowed to change at every q. The fixed term b D 2 O L g D 2 O models the solvent contribution, 47, 62 as explained in Section 3.2. An example spectrum fitted with eqn (6) as well as the global fit parameters as a function of T are plotted in Fig. 3 . The fits show Fig. 3 (a) Apparent self-diffusion coefficient d as a function of T for c p = 150, 200 and 500 mg ml À1 (symbols) and fits with eqn (7) (lines). The illustrations depict a colloidal suspension of native proteins (left) and a cross-linked network of denatured proteins (right). (b) Example spectrum (symbols) of aqueous BSA at c p = 500 mg ml À1 , T = 370 K and q = 0.45 Å À1 . The solid line superimposed on the data is a fit of the model function (eqn (6)). The blue dot-dashed line depicts the Lorentzian describing the protein global self-diffusion, while the light green asterisks and the dark green dashed line represent the Lorentzians attributed to backbone and side-chain dynamics, respectively. The magenta dots denote the contribution of D 2 O. (c) D 1 as a function of T (symbols). D 1 is attributed to the dynamics of the backbone and sensitive to the secondary structure, part of which undergoes a transition from a-helix (left image) to disordered coil (right image). The illustration of a helix-to-coil transition was rendered with VMD. 71 The lines are guides to the eye. (d) Arrhenius plot of the residence time t 1 between two jumps of the side-chains versus T for three c p (symbols). The data above denaturation were fitted with an Arrhenius equation (line), while at low temperatures the line is a guide to the eye. (e) D 2 as a function of T for the concentrations reported in the legend (symbols). D 2 is associated with the dynamics of the side-chains. The lines are guides to the eye. The illustrations depict solvent-inaccessible side-chains in the folded protein (left) becoming solvent-exposed in the unfolded protein (right). (f) Arrhenius plot of the residence time t 2 as a function of T (symbols). t 2 is the time a side-chain needs to switch between two conformations during which they are considered immobile with respect to the backbone. The data above denaturation were fitted with an Arrhenius equation a very good agreement of data and switching model for the full temperature range. Furthermore, the fit parameters show small error bars, evidencing a reasonable statistical representation of the data by the model. In this context it is important to emphasize that, due to the global fit parameters, the switching model has fewer free parameters than the two-Lorentzian fit function on the full q range.
In the following Sections we report the fit results, which we subsequently interpret in the context of a physical picture that has already been suggested in the model-free results. Generalizing the picture established for physiological temperatures, 47 we will associate d with the global protein diffusion and the parameters D 1 , D 2 , t 1 and t 2 with internal dynamics. Fig. 3(a) shows the apparent self-diffusion coefficient d of the proteins at c p = 150, 200 and 500 mg ml À1 as a function of T (symbols). As expected, a higher c p causes a lower d due to the effect of crowding on the hydrodynamic interactions. 46 This difference aside, the three concentrations exhibit analogous behaviors, consistent with elastic neutron scattering measurements: 19 d increases for T t 340 K, decreases up to T E 360 K and then increases again, with a smaller slope. As in ref. 19 , we fit the data with the function
Global apparent short-time self-diffusion
where T* = (T À T d )/DT, with the denaturing temperature T d and the transition width DT, and Y(x) = [1 + exp(Àx)] À1 . The indices 1 and 2 refer to the state of native proteins in solution and the gel-like state of denatured proteins, respectively. Despite the rather coarse temperature steps, we obtain an average transition temperature T d E 342 K consistent with earlier observations. 19, 41, 42 The fits are depicted by the lines in Fig. 3(a) . The solution at c p = 500 mg ml À1 has been measured at 300 K also after the formation of the gel-like state (open triangle). As expected, after the formation of the second state, the entire-protein dynamics does not return to its initial state even after cooling down the sample. In fact, after the transition, (m 2 T + b 2 ) from eqn (7) seems to hold also at room temperature (dot-dashed line).
Translational short-time self-diffusion below the transition temperature T d
Below the transition temperature T d , d can be used to calculate the translational self-diffusion coefficient d t once the structure of the protein is known. 46 As already observed both for BSA and gammaglobulins, 46, 47 d t (j,T) can be well described by the theory of colloidal hard spheres 72 (see Fig. 2(c) ). For c p = 500 mg ml À1 , d t is systematically higher than the curve of colloids. This is probably because at such high concentrations the determination of the effective protein volume fraction is less accurate. Also, at temperatures close to T d , d t becomes systematically lower than the theory for c p r 200 mg ml À1 . The effect, although significant, is rather small and can be probably attributed to thermal expansion that is difficult to quantify. Note that such a deviation can be caused by an increase of the hydrodynamic radius R H by only 3%, since the translational and rotational diffusion coefficients depend differently on R H 46 (see also the ESI †).
Internal dynamics
In addition to the global motion of the entire protein molecule, the wide energy range accessible at BASIS allows reliable fits of the parameters D 1,2 and t 1,2 in eqn (6) , which correspond to broader contributions in the spectra and in the physical picture are associated with internal motions. D 1 is plotted in Fig. 3(c) as a function of T for the three investigated samples. Like d, also D 1 seems to decrease monotonically with protein concentration, probably due to a crowding-induced stabilization effect. For all samples D 1 remains nearly constant or only slightly increases for T o T d and grows faster for higher temperatures resembling the high-temperature dynamical transition observed in other studies. 19, 38 The residence time t 1 associated with this first internal diffusive state is, within the error bars, crowdingindependent and is essentially constant at B100 ps for T o T d (Fig. 3(d) ). At T E T d , t 1 sharply increases by an order of magnitude to B1 ns. The further decrease of t 1 for T 4 T d can be modeled by an Arrhenius behavior with activation energy E a B 12 kcal mol À1 C 0.5 eV (dashed line). (When assuming the increased amplitude of H-contaminated solvent water (Section 3.2), E a B 18 kcal mol À1 C 0.8 eV, see ESI. †) Note that the sample at c p = 500 mg ml À1 has been measured at 300 K both before and after denaturation. Although d at 300 K is, as expected, much lower in the denatured sample, D 1 is comparable before and after denaturation and t 1 is only slightly higher in the gel (open triangle), indicating that, on the accessible time and length scales, the associated diffusive state is not strongly affected by the macroscopic structure. D 2 linearly increases with T up to T d , decreases stepwise for c p = 200 and 500 mg ml À1 and then increases again with a similar slope (cf. Fig. 3(e) ). D 2 is crowding-dependent, being smaller for higher protein concentrations. The residence time t 2 exhibits a behavior very similar to that of t 1 , with t 2 4t 1 , and is independent of c p within the error bars ( Fig. 3(f) ). The activation energy calculated from t 2 for T 4 T d is E a B 13 kcal mol À1 C 0.6 eV (E a B 12 kcal mol À1 C 0.5 eV assuming the H-contaminated solvent, see above). Similarly to D 1 and t 1 , the values of D 2 and t 2 for c p = 500 mg ml À1 after denaturation at T = 300 K are only slightly shifted to slower dynamics. In particular, D 2 is somewhat lower and t 2 higher in the denatured sample, indicating a minute slowdown of this diffusive component. Thus, we obtain that the change of the overall internal dynamics on the investigated length and time scales varies only slightly for different folded protein structures, and more significantly for the unfolded structure, while being independent of the entire-protein dynamics. This result supports the validity of the decoupling of the global from the internal dynamics.
We note that we observe dynamics that is significantly faster than the surrounding water, as becomes apparent when comparing the fit results for D 2 with the published values for the diffusion coefficient of water. 62, 73 Dynamics on similar or even faster time scales has been observed in related systems and attributed to side chain dynamics. 74, 75 The fast time scale can be rationalized in this picture by the fact that the side chain motions partly consist of fast rotations or reorientations of the chain, or of smaller subgroups such as methyl groups.
Geometry of confined motions
The EISF A 0 (q) in eqn (6) contains information on the geometry of localized motions within the protein. Fig. 4(a) and (b) depicts the EISFs as a function of q for the temperatures given in the legend and c p = 200 and 500 mg ml À1 , respectively (symbols). At the lowest temperatures the EISF can be fitted well by the model proposed in a previous study on g-globulins, i.e. a sum of two contributions from methyl-group rotations and diffusion in a sphere. 47 By contrast, this model does not adequately describe our data when approaching and overcoming T d . Extending the aforementioned model, we fit the EISF with the function
Here, s is the fraction of hydrogen atoms diffusing in an impermeable sphere, and (1 À s) is the fraction of hydrogens undergoing three-sites jump-diffusion attributed in the physical picture to methyl-group reorientations. p represents the fraction of H-atoms appearing fixed on the accessible time scale. Consequently, (1 À p) is the fraction of H-atoms moving on the accessible time scale. The three-sites jump diffusion is modeled by the term 76, 77 A 3Àj q; a M ð Þ¼
where j 0 (x) = sin(x)/x and a M = 1.715 Å denotes the jump-distance of the H-atoms in a methyl group. A sph (q) describes an atom diffusing freely within an impermeable sphere of radius R: 78
where j 1 (x) is the first order spherical Bessel function of the first kind. A sph (q) and A 3Àj (q) are assumed to be uncorrelated and are thus combined in a sum. Both components are multiplied by the term
describing the diffusion of a particle in a potential with Gaussian radial profile around the equilibrium with effective radius a. 79 Fig. 4 (a) and (b): EISF as a function of q at the temperatures given in the legend for c p = 200 and 500 mg ml À1 , respectively, (symbols) and fits following eqn (8) (solid lines). (c) Radius a (eqn (11)) as a function of T for c p = 500 mg ml À1 (symbols) and fit with eqn (12) (blue solid line). a is associated with the effective sphere accessible by backbone atoms. Fig. 4(c) -(f) are obtained from the fit of the EISF with eqn (8) , and the open symbols in Fig. 4(b )-(f) refer to the sample at c p = 500 mg ml À1 cooled down to room temperature after irreversible denaturation.
Anticipating the physical interpretation, this term may be understood as describing the geometry of confined fluctuations of the protein backbone on top of which the side-chains undergo their own motions in the geometries given by the combination of the other two components. The fits with eqn (8) are depicted by the lines in Fig. 4(a) and (b) . The open triangles measured in the gel-like sample at 300 K deviate slightly from those measured in solution before denaturation (full blue triangles) only in the lower q-range, reflecting a decrease of the confinement only for the largest accessible length scales in the denatured proteins. For c p = 500 mg ml À1 , the radius a of the effective sphere accessible by the backbone is shown in Fig. 4(c) . If one assumes that backbone atoms sit in an elastic potential energy landscape, a can be fitted by
where k B is the Boltzman constant, k represents the effective elastic constant, and T 0 is ideally the temperature above which the backbone starts fluctuating. We obtain an onset temperature T 0 = 257 AE 10 K (T 0 = 241 AE 20 K assuming the H-contaminated solvent, see above) for backbone fluctuations, comparable to the transition temperature between 260 and 270 K in the internal dynamics of bacteriorhodopsin (BR). 1, 80, 81 Such transition is probably related to solvent melting, since it only appeared with a hydration of 93% relative humidity. 1, 80, 81 The obtained force constant k = 0.09 AE 0.01 N m À1 (k = 0.10 AE 0.03 N m À1 assuming the H-contaminated solvent, see above) is of the same order of magnitude as that of highly hydrated BR above 270 K, k B 0.1 N m À1 , 1, 81 and of that of BSA in solution 19 k B 0.041 N m À1 , both averaged over the entire protein. For the lower concentrations, a follows a similar trend, but the statistical errors are larger. Therefore, in an attempt to reduce the error in the determination of the fit parameters for c p = 150 and 200 mg ml À1 , we set a ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi 3k B ðT À 257 KÞ= 0:09 N m À1 ð Þ p in eqn (8) , thus reducing the number of free parameters to 3. Doing so, we assume that the geometry of the confined backbone fluctuations is essentially crowding-independent, although its dynamics varies with c p as suggested by our previous study on g-globulins. 47 The parameters R, s and p obtained from the fit of the EISF are plotted in Fig. 4(d) -(f). The lines are guides to the eye. The radii R are roughly constant within the error bars, while as a general trend p decreases with temperature confirming earlier results. [48] [49] [50] [51] [53] [54] [55] 57, 58 Also the trend of s is similar for all protein concentrations: s remains essentially constant for T o T d , reaches a sharp maximum about T d and then decreases again, possibly reaching a plateau. All parameters indicate that, once the sample is cooled down back to 300 K (open triangles) only minor discrepancies with the system before denaturation have occurred.
Discussion of the general physical picture
While summarizing the results presented above, we discuss in the following a possible interpretation as an overall picture for the hierarchical protein dynamics measured here. Before going into detail, we note that our data are unequivocally characterized by a dynamical transition around T d E 342 K, consistent with the literature, 19, 42 probably coupled to the dynamical transition of hydration water. 38, 41, 82 Another slightly lower characteristic temperature around T b B 330 K is visible in the behavior of p ( Fig. 4(e) ), above which structural changes are reported 42 and side-chains increase their mobility. 41 We assign the three diffusive processes in the model given by eqn (6) (i.e. the processes associated with the diffusion coefficients d, D 1 , and D 2 , respectively) to three hierarchically distinct dynamics levels. The first of these is described by the short-time self-diffusion coefficient d and represents the dynamics of the entire protein. This process, although occurring at small time and length scales, is strictly related to macroscopic properties of the sample. It can be well described by the theory of colloids as long as the sample is still a solution, and becomes much slower when the gel is formed. When cooled down to room temperature after complete denaturation, the gel-like state is reflected in a much lower d than in the solution before heating up, indicating that the self-diffusion of entire proteins is strongly hindered e.g. through cross-linking or cluster formation.
The two-state model (eqn (2)) describes a dynamical system that switches between two states with diffusion coefficients D 1,2 with constant switching rates 1/t 1,2 . Given the different magnitudes of D 1 and D 2 and comparable magnitudes of t 1 and t 2 , we speculate that the two diffusive states correspond to two scenarios of side-chain confinement with respect to the protein backbone. (i) Side-chains are blocked in a certain position relative to the backbone atoms of the respective amino-acid (e.g. due to steric hindrance of close-by side-chains or fluctuating backbone segments). In this case the side-chains move together with the backbone with the diffusion coefficient D 1 . (ii) The atoms of the side-chains are moving in a confined space limited mainly by the covalent bonds of the side-chain itself. These movements associated with the diffusion coefficient D 2 are one order of magnitude faster than the backbone motion that can be therefore neglected here. Mobile side-chains switch between the two states with residence times t 1 and t 2 . We note that we cannot rule out a small contribution from interfacial water, which might occur at a similar time scale as the side chain motions. We neglect this possible effect due to the low scattering signal of the deuterated solvent, and attribute the two dynamical processes to backbone and side-chain diffusion.
This interpretation is consistent with the model for the EISF, where the geometry of confinement of the side-chains is ''smearedout'' by that of the backbone on the order of a B 1 Å. Therefore, in this picture, we account for the heterogeneity of protein internal dynamics by separating slower and smaller-amplitude backbone fluctuations from faster and greater-amplitude side-chain motions, coherently with previous findings. 28, 29, 36, 53, 57 The effect of temperature on the overall dynamics of proteins in solution at the observable time scales can be explained at different hierarchical levels as follows. For T o T d the proteins follow a center-of-mass diffusion in agreement with the theory of colloids. While the side-chain diffusivity increases linearly with T in this range, the effect on the dynamics of backbone fluctuations is rather limited. The effective radius a of the volume accessible to the backbone increases as a square-root, consistent with a spring model. The confinement radius R for the side chains remains constant within the errorbars, consistent with the length of a covalently bound side chain that determines the explored volume, rather than little fluctuations of atoms about its axis.
Around T d , significant changes of the dynamics at all three levels are observed. The entire protein starts to slow down, probably because of cluster formation and cross-linking between proteins. At the same time, the backbone undergoes a dynamic crossover, similar to that reported for hydration water and for the backbone root mean-squared displacement (RMSD) of hydrated powders of lysozyme in NMR experiments 82 and simulations, 38 and in the RMSD of BSA solutions from fixed window elastic neutron scattering. 19 Such an observation can be attributed to a Zimm-Bragg type structural transition of the a-helices to random coils. 4 The side-chain diffusivity follows a crowding-dependent behavior with a step-like reduction within a temperature range of B10 K for c p = 200 and 500 mg ml À1 , not discernible at the lowest concentration. This may be related to the increase of the exposed side-chains upon unfolding and a higher damping in the denser gel. The increase of t 1 and t 2 by an order of magnitude might be related to the higher solvent-accessible surface as well: the presence of water molecules might on the one hand prolong the average time needed for a side-chain getting solvent-exposed to ''flip'' between equilibrium positions, and on the other hand prevent it from moving for a longer time while waiting that D 2 O density fluctuations allow it to escape the equilibrium position.
The geometry of confinement of both backbone and side-chains does not exhibit an equally pronounced transition, which is reasonable since the local confinement is mainly governed by the unaltered primary structure. The number of immobile atoms p decreases. The sharp increase of the fraction s of side-chains exploring an effective sphere with average radius R suggests that steric hindrance from other side chains decays due to changes of the secondary structure. We note that both fractions of mobile side-chains may include methyl-groups, but since R c a M , their contribution can be neglected in a first approximation for the fraction s.
Further increasing T, proteins form bigger aggregates or become increasingly cross-linked into a gel-like state causing their global self-diffusion to decrease to a minimum. Proteins are now cross-linked through intermolecular b-sheets 32 and the global short-time self-diffusion is defined by the motion of the segments between two cross-links. At a certain point, either the clusters are too strongly charged to grow further or the cross-link number saturates, and protein global motion starts to increase again with T. The decrease of s is consistent with a stable structure with a constant number of side-chains free to diffuse in the effective sphere, while the increase of temperature unlocks the rotation of a higher number of methyl groups.
Finally, when cooling down the sample, although the system is now a gel, random coils undergo a partial refolding to a-helices or b-sheets. Even though refolding does not lead to the native structure, our data indicate that the dynamics of both backbone and side-chains of the non-native structure is similar to that of proteins in their native state on the nanometer length scale.
Conclusions
We present a comprehensive picture of hierarchical protein dynamics before and after thermal denaturation. Using highquality data from the quasi-elastic neutron backscattering spectrometer BASIS in combination with novel and extended models for the scattering function, we provide a consistent interpretation of the data as a combination of contributions from three hierarchical dynamic levels: (i) entire-protein apparent self-diffusion, (ii) backbone fluctuations, and (iii) side-chain dynamics. As long as the protein is in its native conformation, i.e. below the transition temperature T d , the translational self-diffusion is successfully described by colloid theory for hard spheres. The dynamics of the backbone is faster at lower protein concentration, and slows down for more crowded solutions at all temperatures. Increasing temperature results in accelerated dynamics and in a larger space accessible by backbone atoms, meaning that backbone dynamics becomes less confined. The side-chain dynamics also becomes slower with increasing protein concentration, while it becomes faster with increasing T. Below T d , the geometrical confinement of the side-chains appears to be unaltered.
Above T d , cross-links between the proteins and eventually a gel are formed. Connecting loops and random coils become at least as significant as intermolecular b-sheets and a-helices. 32 Consequentially, the center-of-mass protein dynamics decreases dramatically. By contrast, the average backbone fluctuations become faster. While the number of side-chains that can diffuse in their local environment increases, their average motion exhibits a sharp but limited crowding-dependent slowdown during denaturation, and subsequently continues its thermally-driven acceleration. Upon re-cooling, the denatured sample remains a gel. The global apparent self-diffusion in this case is significantly lower than in the solution at the same temperature, while the internal dynamics is comparable, probably due to partial refolding of proteins, although not in their native globular state.
The association of the model parameters with the three hierarchical dynamic levels, and in particular of the two linewidths G 1,2 with the backbone and side chain fluctuation, respectively, represents one consistent and physically justified interpretation. Although we cannot rule out other nontrivial models and interpretations of this complex system, the achieved picture of protein molecular dynamics during a complex process such as thermal denaturation is promising for future applications of quasi-elastic neutron scattering in complex systems with hierarchical dynamics down to the pico-and nanosecond time scale. have obtained travel funding by ILL. We acknowledge E. Mamontov, H. Schober and S. Da Vela for fruitful discussion and R. Moody for technical assistance. We further acknowledge financial support by the DFG.
